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論文内容要約 
 Reducing carbon footprints by replacing fossil fuels with eco-friendly and sustainable energy has been a 
worldwide goal since global climate change emerged as a serious problem. Solid oxide fuel cells (SOFC) transform 
chemical energy of fuels into electrical energy through electrochemical reactions. SOFC is a promising energy 
device for the next generation because of its high power density, energy conversion efficiency, and fuel flexibility. 
However, the elevated temperatures of over 750°C required for SOFC operation present several disadvantages 
such as high cost of materials, particularly for interconnects, and rapid degradation of the cell, which is why 
researchers are attempting to develop IT-SOFCs that can operate at lower temperatures (500°C ~ 700°C). The 
cathode material is the most crucial part to consider in IT-SOFCs because oxygen reduction reaction (ORR) that 
occurs at the cathode has the highest activation energy of all the reactions. 
 Oxygen separation membranes are another prospective electrochemical device for the production of hydrogen 
which is considered a future fuel. Compared to the conventional steam reforming method, CH4 reforming via 
partial oxidation using an oxygen separation membrane is advantageous due to its speedy operation, compact size 
and an ability to manufacture highly purified H2. Not only as a fuel reformer, but the membranes can be also used 
to produce pure O2 which improves the production efficiency of various combustion systems. 
 Mixed ionic electronic conductors (MIECs) are now at the center of attention as a cathode material for IT-SOFCs 
as well as an oxygen separation membrane because both its ionic and electronic conduction allow oxygen reduction 
reaction (ORR) to occur on the entire surface. Among many MIECs, Co-based perovskite-type oxides are 
state-of-the-art. For instance, over 1 W/cm2 of peak power was demonstrated at 600°C in a cell with 
Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) as the cathode [1]. However, other factors in addition to electrochemical activity should be 
considered for device application. Co-based perovskite-type oxides are regarded as less appropriate than Co-free and Fe-based 
perovskite-type oxides in terms of mechanical properties, cost, and thermal stability. Thus, the motivation of this study is to 
search for Co-free and Fe-based perovskite-type mixed conducting oxides with performance comparable to Co-based 
perovskite-type oxides.  
 Perovskite-type strontium ferrite, SrFeO3-δ, has been focused of many studies because of its high oxygen nonstoichiometry (δ) 
and mixed conductivity. However, due to the oxygen vacancy order-disorder transition from cubic perovskite to brownmillerite 
makes it hard to be applied for devices [2]. In this study, bismuth-doped strontium ferrites were focused on from the fact that 
the substitution of trivalent cation for divalent strontium showed an increase in structural stability. Moreover, the nature of the 
6s2 lone pair in Bi3+ allows it to easily make the bonds with 2p orbit electrons in O2- resulting in local structure distortion that 
decreases barrier energy for oxide ion transport, resulting high ionic conductivity according to reports of Bi-containing oxides 
such as stabilized Bi2O3 [3,4,5]. 
 There are a few previous studies focusing on electrochemical properties of Bi-Sr-Fe-based perovskite-type oxides. Brinkman et 
al. proved the mixed conductivity of this material system, especially relatively high ionic conductivity through oxygen 
permeation experiments [6]. According to a report by Niu group, Bi0.5Sr0.5FeO3-δ (BSF55) showed the lowest electrode resistance 
among Co-free perovskite-type oxides [7]. Regardless of its potential as a solid-state ionic material, details on defect equilibrium 
including oxygen nonstoichiomety and factors affecting cathode properties, such as electrode thickness and a change in defect 
equilibrium through doping have not been reported so far. 
 Therefore, the purpose of this study is to investigate defect equilibrium and oxygen nonstoichiometry of 
Bi-Sr-Fe-based perovskite-type oxides in detail. In addition, two applications, IT-SOFC cathode and oxygen 
separation membrane, are considered for the material system. 
 In this thesis, chapter 3 deals with crystal structure, defect equilibrium, and oxygen nonstoichiometry of 
Bi-Sr-Fe-based perovskite-type oxides. In chapter 4, the relationship between cathode properties and factors, such 
as electrode thickness, dopant and composition are thoroughly discussed. Finally, the fabrication of porous 
body-supported thin film membrane and its oxygen permeation characteristics are described in chapter 5. 
 Based on both oxygen nonstoichiometry and electrical conductivity as a function of oxygen partial pressure, P(O2), 
it was confirmed that strontium acceptors were mostly charge-compensated by oxygen vacancy (VO･･) formation 
through 50 mol% of Sr doping. Therefore, the relation between the charge defect concentrations of Bi-Sr-Fe-based 
perovskite-type oxides would be [SrBi’] ≈ [VO･･] >> [FeFe･] for a wide range of temperature and P(O2), which is 
apparently different that of Co-based perovskite-type oxides. Nonetheless, mixed conductivity was clearly revealed 
at P(O2) > 10-6 atm and the decomposition P(O2) of Bi0.5Sr0.5FeO3-δ (BSF55) was lower than the equilibrium P(O2) of 
Bi/Bi2O3 from a temperature range of 650 to 750°C. Taking into account both defect equilibrium and thermal 
stability, Bi-Sr-Fe-based perovskite-type oxides fulfill the requirements to be a IT-SOFC cathode. In addition, 
conductivity and oxygen nonstoichiometry measurements showed that La doping resulted in a change in defect 
equilibrium, increase in electron hole concentration, and decrease in oxygen vacancy concentration. Also, 
Mn-doped BSFs will probably show the same trend of defect equilibrium, based on the conductivity 
measurements.  
 Regarding cathode properties in chapter 4, the estimated effective thickness of BSF55 porous electrode in this study was 
between 12 µm ~ 24 µm, based on fitting done using the Gerischer impedance model. From the P(O2) dependence, it is 
suggested that reaction limiting step of the ORR at BSF55 electrode is oxygen dissociation from 600°C to 650°C and above 
700°C is charge transfer reaction and oxygen adsorption. In the case of La-doped Bi0.7Sr0.3FeO3-δ (BSF73) electrodes, resistance 
for ORR decreases with increasing La doping by 30 mol% and from 30 mol%, it starts to increase with further La doping. 
Combined with the oxygen permeation result that show the maximum permeation flux at 30 mol% of La doping, electronic 
defect concentration partially affects the surface exchange reaction in Bi-Sr-Fe-Based perovskite-type oxides, which have poor 
electronic conductivities as a cathode. The addition of 
PrBaCo2O5+δ (PBCO) up to 30 mol% lowered the activation 
energy and affected P(O2) dependence. This can be interpreted as 
the electrode reaction mechanism changed through the addition 
of PBCO. From the results that Bi-Sr-Fe-based perovskite-type 
oxide electrodes showed both lower activation energy and thermal 
expansion coefficient than other famous Co-based perovskite-type 
oxide electrode, except for Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) as 
shown in Fig. 1, it is highly possible of this material system to be 
applied as a cathode for IT-SOFCs.  
 In Chapter 5, BSF55 porous body-supported BSF55 thin 
membrane was successfully fabricated by the spin-coating 
method. Fabricated thin BSF55 membranes with thicknesses 
between 12 µm and 15 µm were dense enough to separate oxygen 
from air. As shown in Fig. 2, oxygen permeation results suggested 
that not only the porous body but also the porous layer on the 
opposite side is important ( j(O2)ox = j(O2)red = j(O2)bulk at steady 
state ). In the case of BSF55, j(O2) seemed to be limited by the 
oxidation reaction of oxygen, in other words, the faster surface 
exchange reaction of oxygen occurs at the porous body rather than the porous layer on the opposite side of membrane.  
 In conclusion, Bi-Sr-Fe-based perovskite-type oxides show a defect equilibrium condition of [SrBi’] ≈ [VO･･] >> [FeFe･] for a 
wide range of temperature and P(O2), which is quite different from Co-based perovskite-type oxides. When 
electrode thicknesses and electronic defect concentration are taken into account, this material system is able to 
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Figure 2. Oxygen permeation rate of various types of BSF55 
membranes under 80 sccm of He flow. 
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Figure 1. Activation energy of electrode reaction and 
thermal expansion coefficient of Co-based perovskite 
oxides and Bi-Sr-Fe-based perovskite oxides. 
replace other Co-based perovskite-type oxides as an electrode. Finally, it was found that porous body-supported thin 
membrane of Bi-Sr-Fe-based perovskite-type oxides could have oxygen permeability comparable to that of Co-based 
perovskite-type oxides by enhancing the surface area of both the porous body and the porous layer.  
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